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Available online 11 December 2015Background: Zymomonas mobilis, as a novel platform for bio-ethanol production, has been attracted more attention
and it is very important to construct vectors for the efﬁcient expression of foreign genes in this bacterium.
Results: Three shuttle vectors (pSUZM1, pSUZM2 and pSUZM3)wereﬁrst constructedwith the origins of replication
from the chromosome and two native plasmids (pZZM401 and pZZM402) of Z.mobilis ZM4, respectively. The three
shuttle vectorswere stable in Z.mobilis ZM4 and have 3, 32 and 27 copies, respectively. The promoter Ppdc (a), from
the pyruvate decarboxylase gene, was cloned into the shuttle vectors, generating the expression vectors pSUZM1(2,
3)a. The codon-optimized glucoamylase gene from Aspergillus awamori combinedwith the signal peptide sequence
from the alkaline phosphatase gene of Z. mobilis was cloned into pSUZM1(2, 3)a, resulting in the plasmids
pSUZM1a-GA, pSUZM2a-GA and pSUZM3a-GA, respectively. After transforming these plasmids into Z. mobilis
ZM4, the host was endowed with glucoamylase activity for starch hydrolysis. Both pSUZM2a-GA and
pSUZM3a-GA were more efﬁcient at producing glucoamylase than pSUZM1a-GA.
Conclusions: These results indicated that these expression vectors are useful tools for gene expression in Z.mobilis
and this could provide a solid foundation for further studies of heterologous gene expression in Z.mobilis.
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Biofuel ethanol may be used as a clean energy source to solve the
problem of the forthcoming oil shortage. Biofuels can be produced by
ethanologenic microorganisms, such as Zymomonas mobilis, which has
been widely investigated for its effective production of ethanol with
higher ethanol yields and tolerance, lower biomass and faster sugar
uptake rate [1,2]. Expanding the spectrum of fermentable substrates
and reducing the by-products are the main goals of the research.
Genetic engineering approaches in Z. mobilis have commonly utilized
plasmid vectors to express endogenous and/or heterologous genes to
improve strains [3]. Thus, a highly efﬁcient gene expression system is
an important tool for genetic engineering of Z. mobilis.
Construction of efﬁcient expression vectors is a key requirement
for engineering Z. mobilis. In Z. mobilis, routine cloning vectors derived
from pBR322 or pUC18 cannot be stably-maintained [4]. On the
other hand, broad host-range vectors pBBR1MCS and RSF1010
have been successfully used for heterologous gene expression
in Z. mobilis [4]. The vector pBBR1MCS2 with the promoter of the
pyruvate decarboxylase gene (Ppdc) was employed to construct aidad Católica de Valparaíso.
araíso. Production and hosting by Elnovel cell-surface display system for heterologous gene expression in
Z. mobilis [5]. The vector RSF1010 containing the tac promoter and the
lacIq repressor gene was used to express Z. mobilis genes encoding
alcohol dehydrogenase I (adhA), alcohol dehydrogenase H (adhB), and
pyruvate decarboxylase (pdc) [6]. However, these broad host-range
vectors are unstable and their relatively large size limits their uses [4].
Shuttle vectors incorporating replicons from Escherichia coli plasmids
and replication-related segments of native plasmids from Z. mobilis
strains have been most commonly used for gene expression in Z.
mobilis [7,8]. Four native plasmids pZMO1, pZMO2, pZMO3 and pZM3
of Z. mobilis ATCC 10988 were analyzed and used for the construction
of shuttle vectors [4]. The native plasmids from two other Z. mobilis
strains (ZM6100 and NCIMB 8827) were also used for the same
purpose [9,10]. The shuttle vectors including genes related to
carbohydrate or protein utilization by the bacteria were useful to
broaden the substrate range of the Z. mobilis strain [11]. The results
also indicated that the shuttle vectors were stably maintained in
multiple copies per cell in Z.mobilis [4].
Z.mobilisZM4has a 2.06Mb genome [12,13] and containsﬁve native
plasmids (pZZM401-405) with a total length of 138 kb (http://www.
ncbi.nlm.nih.gov). The unique replication origin locus, known as oriC,
is present on the chromosome of all eubacteria and varies in size
between 100 to 1000 bp [14]. The oriC of Z. mobilis ZM4 is located in a
656 bp region around 0 kb on the chromosome [15]. The plasmidssevier B.V. All rights reserved.
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their replicase genes are 1.7 kb and 1.5 kb, respectively. Both the
oriC of the Z. mobilis ZM4 chromosome and replication-related
segments of native plasmids could provide a basis for constructing
the autonomously replicating vectors for Z. mobilis. Since a strong
promoter is needed to ensure the expression of heterologous genes,
the promoter of the pyruvate decarboxylase gene, which is a
constitutively expressed gene, was used to ensure the abundant
expression of protein in Z. mobilis [16].
In this study, we constructed shuttle vectors for Z. mobilis with the
oriC of Z. mobilis ZM4 chromosome and replication-related segments
of native plasmids. The constitutive promoter Ppdc was cloned
into above shuttle vectors to generate the expression vectors, which
were used to express a codon-optimized glucoamylase gene from
Aspergillus awamori fused to the alkaline phosphatase signal peptide
sequence from Z. mobilis. The stability and the expression efﬁciency of
the three shuttle vectors were investigated in Z. mobilis ZM4.2. Materials and methods
2.1. Bacterial strains, culture conditions and plasmids
Z. mobilis ZM4 and ATCC 29191 used throughout this study were
purchased from the American Type Culture Collection (ATCC), while
Z. mobilis CICC10232 and CICC 10225 were purchased from the
China Center of Industrial Culture Collection (CICC) [17]. E. coli DH5α
were used for plasmid construction and ampliﬁcation. During culture,
50 μg/mL of kanamycin was added to LB medium (1% tryptone,
0.5% yeast extract, 0.5% sodium chloride, and plates with 1.5%
Bacto agar) for E. coli, and 200 μg/mL of kanamycin was added
to RMG (Rich medium with glucose) medium (1% yeast extract,
0.2% KH2PO4, 2% glucose, and plates with 1.8% Bacto agar) for
Z. mobilis [18].
The vectors pBBR1MCS-2 and pUC18 provided the
kanamycin-resistance gene and ori, respectively, for constructing
shuttle vectors for Z. mobilis [19]. The glucoamylase gene (GA)
of A. awamori was codon optimized and synthesized (TaKaRa,
Dalian, China).Table 1
Primers used for construction of recombinant plasmids.
Primer Sequence (5′–3′)
KanCF GGTAGAAGCCGCGACTGAAGGTAGCTTGCAGTGGG
KanP1F CGTAATCCTGCGGTTAATCGAGGTAGCTTGCAGTGGG
KanP2F KanR CTTCTGTCGTCGCCTCAGAGGTAGCTTGCAGTGGG
GGATCTTCACCTAGATCCTCGATTCCGAAGCCC
OriEF GGGCTTCGGAATCGAGGATCTAGGTGAAGATCC
OriECR CTTACCGCTGGTCGAAGAGGAAACCTGTCGTGCC
OriEP1R GCATGTCCTTTGCGGTGCGGAAACCTGTCGTGCC
OriEP2R CAGGATGACCTTTCCGGGAAACCTGTCGTGCC
OriZCF GGCACGACAGGTTTCCTCTTCGACCAGCGGTAAG
OriZCR CCCACTGCAAGCTACCTTCAGTCGCGGCTTCTACC
OriZP1F GGCACGACAGGTTTCCGCACCGCAAAGGACATG
OriZP1R CCCACTGCAAGCTACCTCGATTAACCGCAGGATTACG
OriZP2F GGCACGACAGGTTTCCCGGAAAGGTCATCCTG
OriZP2R CCCACTGCAAGCTACCTCTGAGGCGACGACAG
P_pdc F ATATATGGAGTAAGCAAGGTAGCTTGCAGTGGG
P1_pdc R GCGATCATGAGCGTAATCAGTCGCGGCTTCTACC
P2_pdc R GCGATCATGAGCGTAACGATTAACCGCAGGATT
P3_pdc R GCGATCATGAGCGTAACTGAGGCGACGACAGAAGC
1_pdc F GGTAGAAGCCGCGACTGATTACGCTCATGATCGC
2_pdc F AATCCTGCGGTTAATCGTTACGCTCATGATCGC
3_pdc F GCTTCTGTCGTCGCCTCAGTTACGCTCATGATCGC
pdc R CCCACTGCAAGCTACCTTGCTTACTCCATATAT
V-GAF V-GAR GTTACCGATACCTGGCGTTAAAGGTAGCTTGCAGTGGGT
GATGCAGCAGGGAGTTCATTGCTTACTCCATATAT
GAF GAR ATATATGGAGTAAGCAATGAACTCCCTGCTGCATCA
CCCACTGCAAGCTACCTATCATCCTTCCAGGGGGTAC2.2. Plasmids construction
All DNA manipulations were performed according to standard
protocols [18]. The primers used in this study are shown in Table 1.
The PCR condition was as follows: pre-denaturation at 94°C for 2 min,
30 cycles of denaturation at 98°C for 15 s, annealing at 58°C for 30 s,
and extension at 72°C for 2 kb/min, and a ﬁnal 10 min extension
at 72°C. PCR products were gel-puriﬁed, treated with T4 DNA
polymerase (TaKaRa, Dalian, China) to generate ssDNA ends, annealed
to homologous stretches, and recombined together. The vectors
were constructed by using the method called sequence and
ligation-independent cloning (SLIC) [20,21].
The primers (either KanCF, KanP1F or KanP2F with KanR) (Table 1)
were used to amplify the kanamycin resistance gene frompBBR1MCS-2.
The primers (OriEF with either OriECR, OriEP1R or OriEP2R) (Table 1)
were used to amplify the replication region of pUC18. The primers
OriZCF/OriZCR, OriZP1F/OriZP1R and OriZP2F/OriZP2R (Table 1)
were used to amplify the oriC from the Z. mobilis ZM4 chromosome,
the replication related region from the native plasmid pZZM401
and pZZM402, respectively. The shuttle vectors were constructed
using SLIC [20], resulting in the plasmid pSUZM1, pSUZM2 and
pSUZM3, respectively.
The primers (P_pdcF with either P1_pdcR, P2_pdcR or
P3_pdcR) (Table 1) for the ampliﬁcation of the vector DNA
fragment were designed based on the sequence of pSUZM1,
pSUZM2 and pSUZM3. The primers (either 1_pdcF, 2_pdcF or
3_pdcF with pdcR) (Table 1) were used to amplify the promoter
of pyruvate decarboxylase gene from Z. mobilis ZM4 genomic
DNA. The expression vectors were constructed using SLIC [20],
resulting in the plasmid pSUZM1a, pSUZM2a and pSUZM3a,
respectively.
The primers VGAF/VGAR (Table 1) for the ampliﬁcation of
the vector DNA fragment were designed based on the pSUZM1a
(pSUZM2a, pSUZM3a) sequence. The primers GAF/GAR (Table 1)
for the ampliﬁcation of the GA gene were designed based on the
corresponding nucleotide sequences of GA gene from plasmid
pUC-GA. The GA expression plasmid was constructed using SLIC
[20], resulting in the plasmid pSUZM1a-GA, pSUZM2a-GA and
pSUZM3a-GA, respectively.2.3. Z. mobilis transformation
Plasmid DNA was transformed into Z.mobilis ZM4 by electroporation
[16]. For Z. mobilis, DNA was transformed into cells suspended in
200 μL of glycerol buffer [16]. A Bio-Rad Gene Pulser was used with
the following conditions: 2.5 kV and 10 ms in a 0.2 cm cuvette.
After electroporation, the cells were added to 3 mL of RMG medium
and incubated at 30°C for 16 h without agitation. All of the
recovered cells were plated onto RMG agar plates containing
200 μg/mL of kanamycin and incubated at 30°C for 2 or 3 d. Positive
transformants were identiﬁed by PCR.2.4. Plasmid stability
Plasmid stability assay was carried out as described by So with
minor modiﬁcations [4]. Freshly transformed Z. mobilis strains were
grown at 30°C for 24 h without agitation in RMG medium
containing 200 μg/mL of kanamycin. Aliquots were diluted 1:100 in
fresh RMG media without kanamycin (10 mL), and were cultured
at 30°C for 24 h without agitation. This iterative subculturing
process was repeated every 24 h for 10 consecutive days. Aliquots
were taken every 24 h and were plated on RMG plates, and
checked for the presence of the plasmid by replica plating on RMG
plates containing kanamycin.
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PCR (qPCR)
The sequences of chromosome and the native plasmids of Z.mobilis
ZM4 were obtained from the National Center for Biotechnology
Information (NCBI) public database. PCR primers speciﬁc for the
vectors and the chromosome of Z. mobilis ZM4 were designed to
determine the number of plasmid molecules per chromosome
molecule in each sample using speciﬁc primer sets (Table 2). The gene
pdc (ZMO1360), encoding pyruvate decarboxylase on the Z. mobilis
ZM4 chromosome was chosen as a single copy reference gene. The
kanamycin resistance gene from each shuttle plasmid was chosen for
pSUZM1, pSUZM2 and pSUZM3 plasmid copy number determination.
The Z. mobilis transformants were incubated without agitation at 30°C
to OD600nm of 0.25 in RMG media with 200 μg/mL of kanamycin. The
freshly-inoculated cultures were heated at 95°C for 10 min followed
by immediate freezing at -20°C and used as the templates for
quantitative (real time) PCR analyses [4]. qPCR was performed using
an iQ5 Real-time PCR System (Bio-Rad Laboratories, Inc., Hercules, CA,
USA) with reaction mixtures (total volume 20 μL) containing 10 μL
2xTaKaRa SYBR Green Real-Time PCR Master Mix (Takara, Dalian,
China), 1.5 μL forward and reverse primers (10 μM stock) and 1 μL of
sample. The PCR condition was as follows: 98°C for 2 min, 40 cycles of
98°C for 10 s, 50°C for 10 s, and 68°C for 30 s, followed by a gradient
temperature from 55°C to 95°C, the resulting melting curves were
used to conﬁrm the speciﬁcity of the primer pairs in each experiment
[22]. All qPCR experiments were performed with three independent
biological replicates. The plasmid copy numbers were determined
using the equations of plasmid copy number determination to
calculate [23].
2.6. Native-PAGE
One mL of the Z. mobilis transformant culture (OD600 = 2.0)
was centrifuged at 4000 rpm for 10 min and the pellet was suspended
into 500 μL PBS buffer and was sonicated, with 20 μL of either
the intracellular or extracellular fractions used for PAGE. For 8%
Native-PAGE (containing 1 mL 5% soluble starch in separation gel),
each sample was mixed with 5xNative loading buffer (250 mmoL/L
Tris–HCl (pH 6.8), 50% Glycerol, 0.5% Bromophenol blue). After
electrophoresis, the Native-PAGE gel was incubated at 37°C for 4–5 h
in Lugol's iodine for activity staining and was also stained with
Coomassie Brilliant Blue.
2.7. Glucoamylase assay
Three Z. mobilis transformant cultures (0.5 mL each, OD600 = 2.0)
were centrifuged at 5000 rpm, 4°C for 10 min and the cell pellets were
re-suspended in 0.5 mL ddH2O, followed by sonication to release
intracellular glucoamylase. Glucoamylase activity was assayed by
mixing 0.1 mL sample, 2.5 mL 2% gelatinized starch and 10 mM
McIlvaine buffer (pH 3.8) and incubating for 10 min at 50°C. The
reaction was stopped by incubation for 10 min at 100°C. The enzyme
digest was added to 2 mL DNS solution (3, 5-dinitrosalicilic acid
reagent: 3, 5-dinitrosalicylic acid 5 g, phenol 1 g, sodium sulﬁte 0.25 g,
sodium potassium tartrate 100 g dissolved in 250 mL of 0.5 M NaOH
and diluted to 500 mL with water), and the tube was placed in aTable 2
Primers used for the quantitative real time PCR analysis.
Primer Sequence (5′–3′) Description
KanqF CTGATGCCGCCGTGTT Speciﬁc primers for kanamycin
resistance geneKanqR AGCAGCCAGTCCCTTCC
pdcqF CAAAGTTGCCGTCCTC Speciﬁc primers for pyruvate
decarboxylase genepdcqR GGTGCCGATGTAATGCboiling water bath for 5 min and put on ice again. After the addition of
1 mL H2O, the amount of reducing sugar was determined by reading
the absorption at 540 nm [24]. A series of glucose concentration
standards were included with each reducing sugar assay. One
enzymatic unit was deﬁned as the amount of enzyme capable of
producing l mg reducing sugar under the conditions described above.
2.8. Fermentation conditions and analytical methods
Fermentation and analytical methods were performed according to
Wang et al [16]. Z. mobilis ZM4 harboring pSUZM1a was used as a
control. The four Z. mobilis transformants mentioned above were
grown in RMG medium containing kanamycin (200 μg/mL) without
shaking for 24 h at 30°C. Twenty-ﬁve milliliters of culture were
transferred into 0.5 L medium containing soluble starch (5% soluble
starch, 0.5% glucose, 1% yeast extract and 0.2% KH2PO4 pH 6.0) and
incubated with gentle agitation at 30°C. Samples were taken every
12 h for the determination of cell growth, ethanol production and
reducing sugar. Triplicate fermentationswere performed for each strain.
Samples were taken from each fermentation every 12 h for the
following analyses. Cell growth was determined by measuring
optical density (OD) at 600 nm. Ethanol was assayed using GC103
with a glass column (0.26 × 200 cm) ﬁlled with Porapak type QS
(80–100 mesh, Waters, Milford, MA) at 150°C and a FID detector at
80°C. Molecular nitrogen (N2) was the carrier gas (30 mL/min).
Reducing sugars were determined according to the DNS method [25].
3. Results
3.1. Construction of vectors and glucoamylase-containing plasmids
The shuttle vectors pSUZM1, pSUZM2 and pSUZM3were constructed
as shown in Fig. 1. Firstly, the kanamycin resistance gene of pBBR1MCS-2
and the replication region of pUC18 were ampliﬁed by PCR, yielding
1.1 kb and 0.95 kb fragments, respectively. OriC from the Z.mobilis ZM4
chromosome and the replication-related segments of plasmid pZZM401
and pZZM402 were ampliﬁed by PCR to yield 1.1 kb, 2.8 kb and 2.4 kb
products, respectively. These products were used in SLIC reactions with
the kanamycin resistance gene and replicon of pUC18, to give the
shuttle vectors pSUZM1, pSUZM2 and pSUZM3 (Fig. 1).
The constitutive Ppdc promoter of Z. mobilis ZM4 was previously
shown to strongly express foreign genes [16] and was used
to construct the expression vectors pSUZM1a, pSUZM2a and
pSUZM3a (Fig. 1).
In order to express the codon-optimized glucoamylase gene of
A. awamori with the signal peptide sequence from the Z. mobilis
alkaline phosphatase gene, the recombinant plasmids pSUZM1a-GA,
pSUZM2a-GA and pSUZM3a-GA were constructed (Fig. 1). All above
vectors and plasmids were veriﬁed by using PCR, restriction enzyme
analyses and DNA sequencing analysis (BGI, Shenzhen, China).
3.2. Stability of shuttle vectors in different Z. mobilis strains
A phylogenetic tree of four Z.mobilis strains stored in our laboratory
was constructed by using CVtree (http://tlife.fudan.edu.cn/cvtree) [26]
with a K value of 6. The genome sequence of Z. mobilis ZM4
(GenBank accession no. 283856168) and ATCC 29191 (GenBank
accession no. 397675890) were downloaded from National Center
for Biotechnology Information (http://www.ncbi.nlm.nih.gov),
while those of Z. mobilis CICC 10232 and CICC 10225 were
sequenced by our laboratory (unpublished data). The result showed
that strains CICC 10225 and CICC 10232 were very close to each other
and clustered closely to ZM4. The ATCC 29191 strain had a more
distant relationship to other three strains (Fig. 2).
The segregational stability of pSUZM1, pSUZM2 and pSUZM3 was
tested in the four strains mentioned above. The stability of the three
Fig. 1. Schematic diagram outlining the construction of the plasmids used in this study. The primers used in this procedure are brieﬂy shown.
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three strains (Fig. 3). In the strains CICC 10232 and CICC 10225, both
pSUZM2 and pSUZM3 were much more stable than pSUZM1 (Fig. 3).
However, in Z. mobilis ATCC 29191, all three vectors exhibited poor
stability and the number of Kanr colonies was close to zero after 10 d
of kanamycin-free incubation (Fig. 3).
3.3. Copy number of three shuttle vectors in Z. mobilis ZM4
In addition to stability, the expression efﬁciency is usually related to
the copy number of the vector. qPCR can be used to determine the copy
number of a particular plasmid [23]. We designed two sets of speciﬁc
qPCR primers for genes residing on the chromosome (pdc) or the
vectors (kanamycin-resistance gene). The copy number of pSUZM2
and pSUZM3 was 27 and 32, respectively, which is notably higher
than that of pSUZM1, at only 3 copies per cell (Fig. 4).3.4. Expression and activity of glucoamylase gene in Z. mobilis
The utility of the vectors for heterologous gene expression
was determined by expressing a codon-optimized version of the
A. awamori glucoamylase gene fused to the signal peptide sequence
of Z. mobilis alkaline phosphatase. The glucoamylase gene-containing
plasmids pSUZM1a-GA, pSUZM2a-GA and pSUZM3a-GA, as well as
the expression vectors pSUZM1a, pSUZM2a, and pSUZM3a, were
transformed into Z. mobilis ZM4, respectively. The extracellular
and intracellular proteins were extracted from transformed cells
and used for native-PAGE analysis. The glucoamylase activity of all
transformants harboring the GA-expression plasmids was detected in
both intracellular and extracellular fractions by Coomassie and activity
staining (Fig. 5a).
The results of the glucoamylase activity assay showed
marked differences among the three kinds of transformants:
Fig. 2. The phylogenetic tree analysis of the four Z. mobilis strains.
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activity (47.10 U/L) and the highest percentage of activity (73.3%)
in the extracellular fraction compared to total activity. The
pSUZM1a-GA-containing strain had the lowest glucoamylase
activity (5.21 U/L), while the percentage of activity was 60.3%. The0
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plasmids were used for ethanol fermentation from soluble starch it
was found that there were obvious differences in the biomass
of each strain. The pSUZM2a-GA- and pSUZM3a-GA-containing
cells exhibited the highest levels of cell growth, with the OD600
values of 1.26 and 1.17, respectively, whereas the pSUZM1a-GA
containing strain showed relatively poor growth with an OD600 of
0.87 (Fig. 6a).
Cells containing the pSUZM2a-GA plasmid had the highest levels of
ethanol production with 9.95 g/L and the ethanol was continually
produced until about the 6th day of fermentation, which was nearly
35.02% of the theoretical yield of ethanol from soluble starch (Fig. 6b).
Reducing sugar content of the pSUZM2a-GA-containing strain at
the end of fermentation was the lowest at only 3.17 g/L (Fig. 6c).
The pSUZM1a-GA- and pSUZM3a-GA-transformed cells produced
4.47 g/L and 9.34 g/L ethanol, respectively, with 3.96 g/L and 3.54 g/L
reducing sugars remained unconverted, and consequently ethanol
yields were calculated to be 15.7% and 32.9% of theoretical value. The
pSUZM2a-GA-harboring strain had the highest glucoamylase activity
among the three strains resulting in the lowest reducing sugar content
and the highest ethanol yield.
4. Discussion
Construction of efﬁcient expression vectors is a key requirement
for engineering Z. mobilis. In Z. mobilis, routine cloning vectors
derived from pBR322 or pUC18 are unable to be stably-maintained
and the broad-host range plasmids derived from pBBR1MCS orRSF1010 are also structurally unstable [20]. To the best of our
knowledge, there are no reports of the use of replicons from
Z. mobilis ZM4 for the construction of vectors. In this study
the replication regions of the Z. mobilis ZM4 chromosome and
two native plasmids from strain ZM4 were used to construct
E. coli–Z. mobilis shuttle vectors.
The stability of vectors in different host strains depends on two
factors. The ﬁrst one is replication system of the vectors, while the
other is related to the genetic background of host strains [4]. The
stability of pSUZM1 in Z. mobilis ZM4 was higher than that in
the other strains tested. The most likely reason for this is that
the native ZM4 origin might be efﬁciently recognized by its
own replication system. As the three shuttle vectors pSUZM1,
pSUZM2 and pSUZM3 all possessed origins of replication from the
chromosome or native plasmids of ZM4 they were all stable in the
39Q. Cao et al. / Electronic Journal of Biotechnology 19 (2016) 33–40ZM4 strain, as would be expected. The stability of the vectors
pSUZM2 and pSUZM3 in CICC 10225, CICC 10232 and ZM4 were all
higher than that in ATCC 29191, because these three strains are
closely related genetically and replication of the two vectors
depends on their own replicase genes and origins of replication.
When pSUZM2 and pSUZM3 were transformed into Z. mobilis ZM4,
they had the same replication-related segments as the native
plasmids pZZM401 and pZZM402. As such they should all belong
to the same incompatibility group and should not be able to
coexist in the same cell. Previous studies demonstrated that there
was direct competition between native pZMO2 and recombinant
pZMO2-derived plasmids in the Z. mobilis CU1 Rif2 strain, native
pZMO7 and recombinant pZMO7-derived plasmids in the Z. mobilis
NCIMB11163 strain [4,8]. In the plasmid stability assay, only one
plasmid of either pSUZM2 and pZZM401 or pSUZM3 and pZZM402
could exist in the daughter cells. Our results showed that there
were still 50% of the cells that retained kanamycin resistance.
Overall, the stability of the shuttle vectors was associated with the
genetic background of the host bacteria. According to the phylogenetic
analysis of the host strains, a suitable vector should be chosen for a
particular strain.
The copy numbers of the three shutter vectors varied considerably
in Z. mobilis ZM4 and were clearly related to the source of the
replicons. The vector pSUZM1 containing the chromosomal oriC had
a low copy number, which was directly related to the low copy
number of the chromosome. Since the native plasmids pZZM401 and
pZMM402 are high copy number plasmids, the vectors derived
from these native plasmids (pSUZM2 and pSUZM3, respectively)
showed similar copy numbers in the ZM4 strain. The copy numbers of
the three shuttle vectors within the other three Z. mobilis strains were
not detected. It was possible that the copy number of the shuttle
vectors was different in each strain because their stability depended
on the strains.
The utility of these expression vectors was determined using a
codon-optimized glucoamylase gene from A. awamori with the
signal peptide sequence of the alkaline phosphatase gene from
Z. mobilis. Cells harboring the GA-expression plasmids with the
replication-related segments of the native plasmids showed higher
levels of activity than that containing oriC of the chromosome in
the glucoamylase activity and ethanol production efﬁciency. The
structure of the expression vector was a major reason for the
different expression efﬁciencies, again due to the copy number of
replicons from Z. mobilis.
Previous research in our lab has shown that a Z. mobilis
ZM4 recombinant strain harboring the glucoamylase expression
plasmids with the signal peptide sequence zmo130 or zmo331 of Z.
mobilis had an ethanol production level of 3.8 g/L and reducing
sugar content of 8.40 g/L (unpublished data). The fermentation
capacity of this strain was lower than that of the pSUZM2a-GA
and pSUZM3a-GA strains constructed in this study. The ethanol
fermentation was performed with gentle shaking in this study to
prevent Z. mobilis cells from settling down to the bottom of ﬂask.
The results could vary slightly to those under static conditions.
The ethanol fermentation of above recombinant strains could
be performed with raw starch which should be gelatinized by
stirring and heating ﬁrstly. The cooking process might affect the
ethanol titer and yield. These are worth further studying in our
subsequent research.
The factors affecting ethanol production and the remained reducing
sugar content included the promoter, the signal peptide and the kind of
amylases [16]. Methods to improve ethanol production efﬁciency
require the combined effect of several types of amylases instead of
only glucoamylase [27], using different promoters, such as Ptac and
Para [4,28], and optimizing fermentation conditions. The expression
vectors reported here may provide valuable tools in research and
genetic engineering of Z.mobilis.Conﬂicts of interest statement
The authors certify that they have no afﬁliations with or
involvement in any organization or entity with any ﬁnancial
interest or non-ﬁnancial interest in the subject matter or materials
discussed in this manuscript.
Financial support
This work is partially supported by National Key Technology R&D
Program (2007BAD78B04) of The Ministry of Science and Technology
of The People's Republic of China.
References
[1] Rogers PL, Jeon YJ, Lee KJ, Lawford HG. Zymomonas mobilis for fuel ethanol
and higher value products. Adv Biochem Eng Biotechnol 2007;108:263–88.
http://dx.doi.org/10.1007/10_2007_060.
[2] Swings J, DeLey J. Biology of Zymomonas. Bacteriol Rev 1997;41:1–46.
[3] Sprenger GA, Typas MA, Drainas C. Genetics and genetic engineering
of Zymomonas mobil is . World J Microbiol Biotechnol 1993;9:17–24.
http://dx.doi.org/10.1007/BF00656509.
[4] So LY, Chen WY, Lacap-Bugler DC, Seemann M, Watt RM. pZMO7-derived shuttle
vectors for heterologous protein expression and proteomic applications in the
ethanol-producing bacterium Zymomonas mobilis. BMC Microbiol 2014;14:68.
http://dx.doi.org/10.1186/1471-2180-14-68.
[5] He MX, Feng H, Zhang YZ. Construction of a novel cell-surface display system for
heterologous gene expression in Escherichia coli by using an outer membrane
protein of Zymomonas mobilis as anchor motif. Biotechnol Lett 2008;30:2111–7.
http://dx.doi.org/10.1007/s10529-008-9813-3.
[6] Arfman NV, Worrell Ingram LO. Use of the tac promoter and lacIq for the controlled
expression of Zymomonas mobilis fermentative genes in Escherichia coli and
Zymomonas mobilis. J Bacteriol 1992;174:7370–8.
[7] Cho DW, Rogers PL, Delaney SF. Construction of a shuttle vector for Zymomonasmobilis.
Appl Microbiol Biotechnol 1989;32:50–3. http://dx.doi.org/10.1007/BF00164822.
[8] Afendra AS, Drainas C. Expression and stability of a recombinant plasmid
in Zymomonas mobilis and Escherichia coli. J Gen Microbiol 1987;133:127–34.
http://dx.doi.org/10.1099/00221287-133-1-127.
[9] Browne GM, Skotnicki ML, Goodman AE, Rogers PL. Transformation of
Zymomonas mobilis by a hybrid plasmid. Plasmid 1984;12:211–4.
http://dx.doi.org/10.1016/0147-619X(84)90047-7.
[10] Yoon KH, Pack MY. Construction of a shuttle vector between
Escherichia coli and Zymomonas anaerobia . Biotechnol Lett 1987;9:
163–8. http://dx.doi.org/10.1007/BF01024557.
[11] Deanda K, Zhang M, Eddy C, Picataggio S. Development of an arabinose-fermenting
Zymomonas mobilis strain by metabolic pathway engineering. Appl Environ
Microbiol 1996;62:4465–70.
[12] Lee KY, Park JM, Kim TY, Yun H, Lee SY. The genome-scale metabolic network
analysis of Zymomonas mobilis ZM4 explains physiological features and suggests
ethanol and succinic acid production strategies. Microb Cell Fact 2010;9:94.
http://dx.doi.org/10.1186/1475-2859-9-94.
[13] Seo JS, Chong H, Park HS, Yoon KO, Jung C, Kim JJ, et al. The genome sequence of the
ethanologenic bacterium Zymomonas mobilis ZM4. Nat Biotechnol 2005;23:63–8.
http://dx.doi.org/10.1038/nbt1045.
[14] Sernova NV, GelfandMS. Identiﬁcation of replication origins in prokaryotic genomes.
Brief Bioinform 2008;9:376–91. http://dx.doi.org/10.1093/bib/bbn031.
[15] Kang HL, Kang HS. A physical map of the genome of ethanol fermentative bacterium
Zymomonas mobilis ZM4 and localization of genes on the map. Gene 1998;206:
223–8. http://dx.doi.org/10.1016/S0378-1119(97)00589-1.
[16] Wang GJ, Wang ZS, Zhang YW, Zhang YZ. Cloning and expression of amyE
gene from Bacillus subtilis in Zymomonas mobilis and direct production of
ethanol from soluble starch. Biotechnol Bioprocess Eng 2012;17:780–6.
http://dx.doi.org/10.1007/s12257-011-0490-z.
[17] Goodman AE, Rogers RP, Skotnicki ML. Minimal medium for isolation of auxotrophic
Zymomonas mutants. Appl Environ Microbiol 1982;44:496–8.
[18] Sambrook J, David W, Russell DW. Molecular cloning: A laboratory manual
(3-volume set). New York: Cold Spring Harbor, Cold spring harbor laboratory
Press; 2001.
[19] Kovach ME, Elzer PH, Hill DS, Robertson GT, Farris MA, Roop II RM, et al. Four
new derivatives of the broad-host-range cloning vector pBBR1MCS, carry-
ing different antibiotic-resistance cassettes. Gene 1995;166:175–6.
http://dx.doi.org/10.1016/0378-1119(95)00584-1.
[20] Wang GJ, He C, Zhang YZ. Improvement of the sequence and ligation independent
cloning (SLIC) method. J Sichuan Univ 2010;4:893–8.
[21] Li MZ, Elledge SJ. Harnessing homologous recombination in vitro to
generate recombinant DNA via SLIC. Nat Methods 2007;4:251–6.
http://dx.doi.org/10.1038/nmeth1010.
[22] Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-
time quantitative PCR and the 2−ΔΔCT method. Methods 2001;25:402–8.
http://dx.doi.org/10.1006/meth.2001.1262.
[23] Skulj M, Okrslar V, Jalen S, Jevsevar S, Slanc P, Strukelj B, et al. Im-
proved determination of plasmid copy number using quantitative
40 Q. Cao et al. / Electronic Journal of Biotechnology 19 (2016) 33–40real-time PCR for monitoring fermentation processes. Microb Cell
Fact 2008;7:6. http://dx.doi.org/10.1186/1475-2859-7-6.
[24] Fischer EH, Stein EA. α-Amylase from human saliva. Biochem Prep 1961;8:27–33.
[25] Miller GL. Use of dinitrosalicylic acid for determination of reducing sugars. Anal
Chem 1959;31:426–8. http://dx.doi.org/10.1021/ac60147a030.
[26] Xu Z, Hao B. CVTree update: A newly designed phylogenetic study platform using
composition vectors and whole genomes. Nucleic Acids Res 2009;37:174–8.
http://dx.doi.org/10.1093/nar/gkp278.[27] Choi GW, Kang HW, Kim YR, Chung BW. Ethanol production by Zymomonas mobilis
CHZ2501 from industrial starch feedstocks. Biotechnol Bioprocess Eng 2008;13:
765–71. http://dx.doi.org/10.1007/s12257-008-0184-3.
[28] Tozakidis IE, Sichwart S, Teese MG, Jose J. Autotransporter mediated esterase display
on Zymomonas mobilis and Zymobacter palmae. J Biotechnol 2014;191:228–35.
http://dx.doi.org/10.1016/j.jbiotec.2014.07.009.
